Background: Surgical site infections (SSIs) are one of the most common hospital acquired infections. To reduce SSIs prophylactic intraoperative wound irrigation (pIOWI) has been advocated, although results are equivocal. To develop recommendations for the new World Health Organization (WHO) SSI prevention guidelines, a systematic literature review and a meta-analysis were conducted on the effectiveness of pIOWI using different agents to reduce SSI. Methods: Pubmed, Embase, CENTRAL, CINAHL, and WHO databases were searched.
Introduction
Surgical site infections (SSIs) are an adverse outcome of surgery accounting for the majority of healthcare associated infections around the world (1) (2) (3) . In developing countries, more than one in ten of all surgical procedures is complicated by a SSI (2) .
Although the overall risk of SSIs is much lower in developed countries, they remain a serious threat to patient safety (1, 3) . SSIs cause increased morbidity, mortality and prolonged hospital stay (1, 4, 5) . The average SSI is associated with approximately one additional week of hospitalization and increases mortality risk 2-to 11-fold as compared to uninfected surgical patients (5) . Moreover, SSIs increase healthcare costs in the US up to $1.6 billion per year (4) . Many factors have been associated with the risk of SSI and consequently a range of preventive measures has been proposed. One of these preventive measures is prophylactic intraoperative wound irrigation (pIOWI), a seemingly simple intervention defined by the flow of a solution across the surface of an open wound to achieve wound hydration. It physically removes and dilutes body fluids, bacteria and cellular debris and additionally may have a bactericidal effect when additives as antibiotics or antiseptic agents are used (see table 1 for an overview of definitions used). Up to 97% of the surgeons commonly practice IOWI (6, 7) . Nonetheless, it is not part of general practice in every country or hospital. Moreover, methods vary depending on the patient population, surface of application, technique and solutions used. Similar variations in methodology and results can be observed in studies investigating the effect of IOWI (8) .
Among the available guidelines on SSI prevention, few have addressed the topic of IOWI and give contradictive recommendations. The guidelines by the United Kingdom National Institute for Health and Care Excellence (NICE) issued in 2008, updated in 2013, advised against IOWI and intraperitoneal lavage (9) . In contrast, the 2014 guidelines of the Society for Healthcare Epidemiology of America (SHEA) and the Infectious Diseases Society of America (IDSA) recommend using antiseptic wound lavage (10) . Many of the solutions commonly used for irrigation are not licensed for open wounds by the United States (US) Food and Drug Administration (11) .
In 2015 a meta-analysis has been published to determine the current state of knowledge on pIOWI (8) . However, that review does not take into account that (other) infection prevention measures among included studies have improved over decades. Therefore, the presented evidence may not be generalizable to current standard of care (i.e., no appropriate standard systemic antibiotic prophylaxis). Importantly, the previous review has included studies where pIOWI represents a therapeutic intervention for infection rather than a prophylactic measure. Also, a substantial heterogeneity between studies has not been accounted for as the previous review does not account for differences in irrigation solutions and in application methods. For the purpose of developing recommendations for the new World Health Organization (WHO) SSI prevention guidelines (12, 13) , a systematic literature review and meta-analysis were conducted. In present systematic review we aim to assess all available data reasonably applicable to current standard of care and clarify the effect of pIOWI on the incidence of surgical site infection in all surgical populations, while accounting for inter-study differences in application method and solution. 
Methods
The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines were followed (14) .
Search strategy and selection criteria
The following databases were searched: Medline (PubMed); Excerpta Medica Database (EMBASE); Cumulative Index to Nursing and Allied Health Literature (CINAHL); Cochrane Central Register of Controlled Trials (CENTRAL); and WHO regional medical databases. No time limit was used because most studies were published before 1990. Language was restricted to English, French, German and
Spanish. A comprehensive list of search terms was used, including Medical Subject
Headings (MESH), the complete search is included in appendix A.
Two independent reviewers screened titles and abstracts of retrieved references for potentially relevant studies. The full text of these articles was obtained and independently reviewed for eligibility based on inclusion criteria. Duplicate studies were excluded. Only randomized studies investigating pIOWI as described in Table 1 were included. Studies investigating the topical application of antibiotics and antiseptics (e.g., powder, gels, sponges) without the mechanical effect of irrigation, physically rinsing and diluting the bacterial load, were not included. To ensure that only evidence reasonably relevant to the current standard of care was included in our analyses, description of appropriate administration of preoperative antibiotic prophylaxis (i.e., before incision and intravenous) was a minimum requirement for inclusion. In addition, studies where the irrigated field was infected prior to the start of surgery and wound irrigation, represented a therapeutic intervention rather than Published in final edited form as: Surg Infect (Larchmt). 2017 May/Jun;18(4):508-519. doi: 10.1089/sur.2016.272 7 a prophylactic measure and were also excluded. Wound contamination was ranked according to the US Centers for Disease Control and Prevention (CDC) wound classification (15) . As described in table 1, wound class I-III were considered not infected and therefore irrigation of the contaminated field a prophylactic measure, whereas CDC Wound class IV was considered a pre-existent infection and therefore irrigation of the contaminated field represented a therapeutic intervention.
Irrigation of the newly made incisional wound was always considered prophylactic, regardless of the wound classification, as the incisional wound did not exist prior to the procedure and pre-existent infection would be impossible. For example, peritoneal cavity irrigation of a dirty, infected abdomen (CDC Wound class IV) represents a therapeutic intervention. In contrast, in the same procedure incisional wound irrigation was considered a prophylactic measure.
Data extraction and assessment of study quality
Data were extracted from the text, according to a pre specified data abstraction form including design, publication date, scope, number of patients, contamination according to the US CDC wound classification (15) , irrigation surface, type of intervention (solution, application, volume), type of control, Follow-up, primary outcome, results and adverse events (AE) (appendix B). The Cochrane Collaboration's tool (16) for assessing risk of bias was assessed for the quality of the studies. Any disagreements were resolved through discussion or after consultation with the senior author, when necessary. Publication bias was assessed using a funnel plot (17) . The Grading of Recommendations Assessment, Development and Evaluation
Results

Study selection
We identified 955 studies. Hundred thirteen were assessed for full review. Twentyone randomized controlled trials (RCTs) were found eligible for full critical appraisal.
The process of selection is summarized in Figure 1 . Reasons for exclusion after full text assessment are described in appendix C.
Study characteristics
In total we identified 21 RCTs (20-40) (6224 patients) comparing pIOWI to no pIOWI or to pIOWI using different solutions and techniques, in patients undergoing various surgical procedures with SSI as an outcome. All but two (27, 28) were single center RCTs. There was substantial heterogeneity in the study protocols. A distinction was made between peritoneal cavity, mediastinal cavity and incisional wound irrigation.
Other main differences were the composition of the irrigation fluid, and the type of (29, 30) were also included. Of the included studies 3 RCTs (20, 23, 31) described sterility of the irrigation fluid. The other studies did not report whether the irrigation fluid was sterile or not. The evidence table with study characteristics is summarized in Table 2 and entirely presented in Appendix B.
Risk of bias
The results of the risk of bias evaluation are presented in Table 3 . Overall there was serious risk of bias, predominantly due to unclear or high risk of selection and performance bias. Publication bias could not be detected or excluded. There was an insufficient number of studies included in the separate meta-analyses for appropriate interpretation of the funnel plots.
Data and analyses
A summary of the evidence is presented in Table 4 . For an extensive overview of all nine comparisons, corresponding data and meta-analyses we refer to appendix D.
No effective strategy for the reduction of SSIs with prophylactic peritoneal cavity irrigation was identified.
Regarding incisional wound irrigation, mere saline irrigation was not effective in reducing SSIs (25). However, when the saline solution was applied with a syringe to generate some pressure (26) a reduction in the risk of SSI compared to no irrigation was shown in one study (OR 0.35 (95% CI: 0.19-0.65); P=0.0009). This benefit was also demonstrated when pulse pressure irrigation with saline was compared with normal saline irrigation in a meta-analysis of two RCTs (27, 28) (OR 0.30 (95% CI: 0.08-0.86); p=0.0003).
Irrigation with aqueous povidone iodine demonstrated a significant benefit when compared with saline solution irrigation in a meta-analysis of 7 RCTs (29-35) (OR 0.31 (95% CI: 0.13-0.73); p=0.007; Figure 2a Antibiotic irrigation of the incisional wound showed no effect on SSI rate compared to no irrigation or saline irrigation in a meta-analysis of five RCTs (22, 36-39) (OR 1.16 95% CI: 0.64-2.12 p=0.63) ( Figure 3 ). This lack of effect equals 12 more SSIs per 1.000 (from 27 fewer to 76 more) (appendices D and E comparison 8).
Only one study reported on mediastinal irrigation with aqueous povidone iodine compared to normal saline irrigation and showed no benefit (40) .
Adverse events
Among the included studies, six studies (29, 31, 33, 34, 36, 41) reported no adverse events attributable to the intervention. Among these, two studies (33, 34) investigating PVP-I wound irrigation in spinal surgery specifically reported no difference in fusion time or bone quality. One study (31) investigating PVP-I wound irrigation in abdominal surgery specifically reports transient serum iodine elevation to a nine fold (median: 162 mcg/dl, range 27-1170 mcg/dl), but no clinical signs of toxicity. After seven days, serum iodine levels returned to pre-operative ranges.
GRADE
GRADE tables with full assessment of the individual comparisons are presented in appendix E. Overall the quality of evidence was assessed as moderate to very low due to the serious risk of bias and serious imprecision.
Discussion
Low quality evidence shows that prophylactic incisional wound irrigation with aqueous PVP-I solution, has a significant benefit on SSI rate, particularly in clean and clean-contaminated wounds. No dose response effect was detected. With respect to incisional wound irrigation with saline, moderate to very low quality of evidence shows a significant effect on SSI rate when applied with force or using pulse pressure, but not with regular irrigation. There is no significant benefit for the use of antibiotic solutions for pIOWI or for the use of pIOWI in the abdomen or mediastinum.
Although recommendations from existing guidelines are conflicting (9, 10) and recent well-designed RCTs are lacking, up to 97% of the surgeons irrigate wounds in an effort to reduce the risk of SSI (6, 7) . The most commonly used irrigation solution is saline followed by irrigation with aqueous PVP-I solutions or antibiotic solutions (6, 42, 43) . 
13
The efficacy and clinical safety of irrigation with these solutions has been under debate (11, 44) . PVP-I is in varying concentrations rapidly effective against a broad spectrum of pathogens, Methicillin-resistant Staphylococcus aureus (MRSA) included (45, 46). However, some in vitro studies (47-49) have reported a negative effect of PVP-I on tissue regeneration and older case studies report serum iodine toxicity as a result of irrigation (50-52). However, these adverse effects could not be substantiated in clinical trials (29-35) (41). When considering antibiotics, the bactericidal effect of most agents requires a substantial interval of contact time. It is unlikely that pIOWI with antibiotic solutions is performed with sufficient time to achieve clinical efficacy, and anaphylactic reactions are reported (53) . In addition, the misuse of antibiotics is considered to be a major driving force to the emergence of antimicrobial resistance (54) (55) (56) . In contrast, resistance of organisms against antiseptics is suggested to be low, possibly due to their multiple pharmacological targets (57, 58) . Wound irrigation using aqueous chlorhexidine (CHX) may be an alternative, when extrapolating the favourable results from alcohol-based CHX used for preoperative skin preparation, but clinical data are lacking. The results of aqueous 0.05% chlorhexidine gluconate as wound irrigation fluid in laboratory and animal studies are promising (59, 60) .
Previous meta-analyses have assessed the effect of pIOWI but with serious limitations in their study selection impeding extrapolation to current clinical practice. The flow of a solution across the surface of an open wound to achieve wound hydration. It physically removes and dilutes body fluids, bacteria and cellular debris and additionally has a bactericidal effect when additives as antibiotics or antiseptic agents are used Intraoperative wound irrigation as therapeutic intervention CDC Wound class IV was considered a pre-existent infection; irrigation field was considered to be therapeutic not prophylactic
Intraoperative wound irrigation as prophylactic intervention
CDC wound class I-III was considered potentially contaminated; irrigation was considered to be prophylactic Irrigation of the newly made incisional wound was always considered prophylactic, regardless of the wound classification, as the incisional wound did not exist prior to the procedure and pre-existent wound infection was impossible.
Syringe pressure irrigation
Solution delivered with a syringe with an intravenous catheter applying force by hand.
Pulse pressure irrigation
Irrigation with the use of a mechanical device that delivers pulsatile saline irrigation.
US Centers for Disease Control and Prevention (CDC) wound classification
Class I/Clean: An uninfected operative wound in which no inflammation is encountered and the respiratory, alimentary, genital, or uninfected urinary tract is not entered. In addition, clean wounds are primarily closed and, if necessary, drained with closed drainage. Operative incisional wounds that follow nonpenetrating (blunt) trauma should be included in this category if they meet the criteria.
Class II/Clean-Contaminated: An operative wound in which the respiratory, alimentary, genital, or urinary tracts are entered under controlled conditions and without unusual contamination. Specifically, operations involving the biliary tract, appendix, vagina, and oropharynx are included in this category, provided no evidence of infection or major break in technique is encountered.
Class III/Contaminated: Open, fresh, accidental wounds. In addition, operations with major breaks in sterile technique (e.g., open cardiac massage) or gross spillage from the gastrointestinal tract, and incisions in which acute, nonpurulent inflammation is encountered are included in this category.
Class IV/Dirty-Infected: Old traumatic wounds with retained devitalized tissue and those that involve existing clinical infection or perforated viscera. This definition suggests that the organisms causing postoperative infection were present in the operative field before the operation. 
